One m-thick (0001) t-BN layers have been grown on w-AlN template by HT-HVPE (High Temperature Hydride Vapor Phase Epitaxy). The experimental set-up consists of a vertical cold-wall quartz reactor working at low pressure with an inductively heated graphite susceptor. The used reactants are ammonia (NH 3 ) and boron trichloride (BCl 3 ). As-grown BN layers have been characterized by XRD and TEM. The influence of the temperature and the N/B ratio of precursors in the gas phase, on the c-lattice parameter of BN layer, have been investigated in order to optimize the crystalline quality. For a deposition at a temperature of 1600 °C and a N/B ratio of 7.5, the growth of a 2 μm-thick t-BN layer with lattice parameters (a and c) of 2.50 and 6.78Å has been achieved.
Introduction
Boron Nitride (BN) films can be found under various crystal structures [1] [2] . The cubic one (c-BN) has a zinc blende crystal structure with a lattice constant of 3.61 Å [2] . The hexagonal phase (h-BN) is graphite-like with a lattice constant of a = 2.50 and c = 6.66 Å [3] . The wurtzitic phase (w-BN) has a lattice constant of a = 2.55 and c = 4.22 Å [4] . The turbostratic (t-BN) has hexagonal planes stacked in a random sequence and with a random rotation about the c-axis (c = 6.7-7 Å) [2] . Compounds with the hexagonal, wurtzitic or cubic structures have interesting properties such as high thermal conductivity, high chemical and thermal stability, and high electrical resistivity. Boron nitride crystallized in cubic or hexagonal structures is a promising material for optoelectronics [1] , high power electronics applications or piezoelectric sensors. As for diamond, the cubic BN phase is obtained with plasma enhanced chemical vapor deposition [5] and high-pressure hightemperature processes [6] . Previous studies reported the difficulty to synthetize high quality h-BN films by high temperature CVD. Amorphous BN (a-BN) or the poorly crystallized turbostratic phase (t-BN) with a lattice parameter along the c-axis higher than 6.66 Å, were rather fabricated. The random presence of nanoscale wurtzite-like BN grains [4] was also observed. However, recent attempts with various precursors successfully resulted in the heteroepitaxial growth of hexagonal layers. Rohr et al [7] deposited polycrystalline h-BN films by metal-organic vapour phase epitaxy using triethylamine borane as both boron and nitrogen precursors in the temperature range 600-900 °C. At higher temperature (1500 to 1900 °C) and with ammonia (NH 3 ) as the nitrogen source, Younes et al [8] deposited nanocrystalline h-BN films using B 2 H 6 as boron source.
Triethyl boron is quite used as a metal-organic boron precursor. In 1986, Nakamura [9] was the first to process poor-quality h-BN layers using this precursor. Various substrates have been evaluated and recent papers report the growth of high-quality epitaxial h-BN on sapphire, silicon carbide and nickel substrate [2, 3, 10] with slow growth rates (about 30 nm.h -1 ). A low lattice mismatch between the substrate and the hexagonal phase of boron nitride is a necessary condition to allow heteroepitaxial growth with high crystalline quality. Rhombohedral BN (r-BN) films were also grown at higher temperatures (1500 °C) on sapphire [11] . The presence of few angstrom-thick w-AlN as a nucleation layer improves the boron nitride crystalline quality [11] . Finally, Tsuda et al. [12] using BCl 3 -NH 3 -He system reported the growth at 1170°C of h-BN layers on Ni substrate exhibiting an exciton-related luminescence at 216-227 nm. However, interaction between B and Ni (eutectic point) does not allow deposition at a temperature higher than 1100 °C. In this work, BCl 3 and NH 3 diluted in H 2 have been selected as precursors. The substrate is sapphire coated with a thin epitaxial (0001) AlN layer. The influence of the temperature and the N/B ratio (nitrogen to boron ratio) on boron nitride crystalline quality is presented.
Experimental procedure
The HT-HVPE set-up is a vertical cold-wall quartz reactor working at low pressure (10 mbar) and high temperature (1600 °C) [13] [14] . The graphite susceptor is heated by induction and coated by polycrystalline AlN. The reactants used are high purity ammonia NH 3 (99.999 %) and boron trichloride BCl 3 (99.999%) introduced in the reactor via a stainless steel tube 2 cm above from the substrate surface. BCl 3 flow is set to 1.33 sccm (sccm for "standard cubic centimeters per minute", 6.929x10 -7 mol.s -1 ). The flow rate of NH 3 ranges between 4 and 10 sccm depending to the N/B ratio chosen for the experiment. The N/B (nitrogen to boron) ratio in the gas phase is calculated from the NH 3 /BCl 3 inlet flow rates. H 2 (99.999 % purity) is used as a reactive carrier gas with a flow rate of 2000 sccm. The deposition temperature was measured at the center of the susceptor surface using a dual wavelength pyrometer. Two inches diameter and 430 m-thick (0001) sapphire single crystals cut with a 0.1° tolerance toward the m-plane and "epi-ready" polished were used as substrates. Epitaxial aluminum nitride layer were first deposited as seed layers [14] [15] on the sapphire substrate. The thickness of this buffer layer has been varied from 500 nm to 2.5 μm.
The growth procedure consists of three steps. The first step is the cleaning of the sapphire/AlN substrate by H 2 etching at 1100°C for 10 minutes. The second step is the pre-treatment under NH 3 for 2 min at the deposition temperature. Thus, the deposition takes place during 30 min under NH 3 /BCl 3 /H 2 flow at a temperature of 1600°C. The influence of the N/B ratio on the crystalline quality of the BN layer has been studied.
The crystalline quality is evaluated by X-ray diffraction (XRD) 2 -scans and Transmission electron microscopy (TEM) analysis of the sample surface. Figure 1a ) presents the XRD patterns of the BN layers obtained with a N/B ratio of 3, at 1600 °C. First of all, the 500 nm-thick w-AlN layers (ICDD n°025-1133) present several orientations after the inherent annealing during the pre-treatment and the BN growth, at least (0002), (1010) and (1011). Initially AlN is epitaxially deposited with a (0001) orientation [14] . At temperature above 1200°C, AlN can be etched and the etching products can locally regrow the AlN layer depending on local supersaturation that varies across the susceptor. Claudel et al [15] have already shown that w-AlN reacts with H 2 and HCl, which is the main reaction product of BN growth, could also promote AlN etching during the early steps of BN growth. The peak obtained around 26.45° in the 2 -scans is identified as the (0002) t-BN peak (ICDD n°015-2797). It corresponds to a lattice constant 6.72 Å which is higher than the usual lattice parameter 6.66 Å reported for epitaxial h-BN [10] . The presence of a double-head peak at the position 25.88° and 26.45° suggests that turbostratic boron nitride is present in this layer with two different crystalline quality. Figure 1b ) presents the XRD patterns of a BN layer obtained at 1600 °C for an N/B ratio of 7.5. The substrate used was a thicker AlN layer (2.5μm) grown on c-plane. In that case, we did not observe additional orientation for AlN layer. The authors found empirically that a thick AlN layer is more stable than the 500 nm one, without finding any explanation to this phenomenon. For the boron nitride layer, a broad peak is observed around 26.2°.
Results and Discussion
Layer grown with a N/B ratios of 7.5 gets a c-lattice parameter of 6.78 Å, estimated from the XRD result. According to a higher intensity of the measured XRD peak, an N/B ratio of 7.5 seems to be the optimal gas composition for the growth of BN by HT-HVPE at this temperature. Figure 2 is the TEM diffraction pattern of a BN layer obtained at 1600 °C with an N/B ratio of 7.5. BN sample clearly shows three rings corresponding to the (0002), (1010) and (1120) crystal planes of h-BN. However the broad (002) ring can be translated as a non-homogeneous c-lattice parameter in the BN layer. It clearly shows that the polytype of this layer is the turbostratic one. 
Conclusion
We performed the growth of t-BN films on sapphire/AlN templates by high temperature HVPE. This first set of experiments confirmed that BCl 3 is a good candidate as boron precursor for BN growth. Optimal process conditions for the t-BN growth are a temperature of 1600 °C and N/B ratio of 7.5. A thick 2.5 μm AlN protective layer on the sapphire substrate seems necessary to limit the annealing phenomenon by the halide and hydrogen atmosphere. The major concern now is to optimize the process parameter and the process tools in order to reach the growth of h-BN layer. The growth rate of the BN layers could be one of the main parameters that affect the crystalline quality. For a deposition at 1600 °C and N/B ratio = 7.5, the growth rate is relatively high and estimated around 2 μm/h. The X-ray peak position of this BN is 26.2° (c = 6.78 Å). Literature reported (0002) h-BN peaks measured by X-Ray diffraction at 26.7° (c = 6.67 Å) and 26.72° (c = 6.66 Å), obtained respectively with lower growth rate around 30 nm/h [10] and 100 nm/h [11] . Additional experiments are under progress in order to know the influence of this parameter.
Others parameters as the distance from the boron precursors injector to the substrate surface (that affect directly the N/B ratio) or the lattice mismatch with the substrate must also play a key-role in the growth of high-crystalline quality h-BN, and further studies are needed.
